Abstract -The radiation-induced fragmentation of the C 60 fullerene was investigated by the tight-binding electron-ion dynamics simulations. In intense laser field, the breathing vibrational mode is much more strongly excited than the pentagonal-pinch mode. The fragmentation effect was found more remarkable at long wavelength λ≥800 nm rather than the resonant wavelengths due to the internal laser-induced dipole force, and the production ratio of C and C 2 rapidly grows with increasing wavelength. By such fragmentation law, C atoms, C 2 dimers or large C n fragments could be selectively obtained by changing the laser wavelength. And the fragmentation of C 60 by two laser pulses like the multi-step atomic photoionization was investigated.
I. INTRODUCTION
Interactions of intense ultrashort laser pulses with molecules and the competition between ionization and fragmentation have attracted considerable attentions [1] [2] [3] .
Because of the highly symmetric structure, C 60 fullerene is regarded as a particular model for studying the mechanisms of molecular energy deposition and migration in intense laser field. Various experimental and theoretical studies have been carried out to explore the dynamics of C 60 in intense laser pulses [4] [5] [6] [7] [8] , and a great deal of phenomena about the interactions between C 60 and intense laser pulses have been discovered. For example, a massive change in ionization patterns [9, 10] , above-threshold ionization (ATI) [9] , population of Rydberg states [11, 12] , excitation 2 of giant breathing motion [13] , thermionic emission [14, 15] and high-order harmonic generation (HHG) [16] [17] [18] .
Several studies have focused on the specific ions and fragments of C 60 generated in intense laser. The first systematic study was done by O'Brien et al. using nanosecond laser pulses. By the fragment detection of time-of-flight spectrometers [19] , the primary channel of photodissociation was found to be the loss of neutral C 2 or C 3 units [20] . Then, the dynamic evolution of C 60 was observed under different laser wavelengths. By wavelengths below 1000 nm, C 60 cluster mainly gains photon energy by excited electrons out of occupied states [21] . And the dipole force plays a role in the situation of longer wavelengths [22] . For short wavelengths, the role of intermediate states in the initial process of energy deposition in large molecules has been addressed [23] . Several experimental and theoretical studies indicated that the LUMO+1 state, which can be excited through the first dipole-allowed HOMO→LUMO+1 transition and followed by coupling to electronic and vibrational degrees of freedom, plays a crucial role as doorway state in the excitation mechanism [1] . Recently, ionization and fragmentation of C 60 fullerenes via the excitation of LUMO+1 state was studied in elliptically polarized intense femtosecond laser field [24, 25] to weaken ATI and HHG by reduced electronic recollision. And molecular dynamics (MD) simulations [26, 27] were employed to generalize the rules of laser-induced fragmentation of C 60 fullerenes. However, for studying such ultrafast electronic excitation progress, MD simulation is not an appropriate theoretical approach because the motion of C 60 is beyond the Born-Oppenheimer approximation.
In this work, the interactions between C 60 fullerenes and intense laser pulses were investigated by tight-binding electron-ion dynamics (TBED) [28] [29] [30] [31] in a wavelength range of 300~1500 nm. The breathing mode was found much more strongly excited rather than the pentagonal-pinch mode in intense radiation field. At short loser wavelength the open-cage distortion is induced by the radial stretch of the breathing mode, while the internal laser-induced dipole force plays an important role in producing C atoms or C 2 dimers at a wavelength longer than 800 nm. The production ratio of C and C 2 rapidly grows with increasing laser wavelength and the 3 fragmentation law could be used to obtain C atoms, C 2 dimers or large C n fragments.
In order to enhance the fragmentation efficiency, the excitation of continuous electronic transitions by two laser pulses was investigated.
II. TBED SIMULATIONS
To investigate the interactions between C 60 and intense laser, TBED is introduced in our simulations. The electronic states in C 60 are described by the linear combination 
where the overlap matrix element , this calculation method is rigorous rather than by the approximate Peierls substitution [28] [29] [30] [31] . The total energy is expressed as the sum of electronic energies and a short-range repulsive pair potential [32] [33] [34] 
and Eq. (5) is solved by the velocity Verlet algorithm.
Before investigating the dynamics of C 60 in intense laser field, the geometry is optimized by a damped trajectory method [35] with the electronic occupations given by the Fermi-Dirac distribution at 0 K. By a time step of t  =0.01 fs, the C 60 is set in an equilibrium of 300 K for 1000 fs by Riley's thermal bath [36] , and then subjected to a Gaussian laser pulse
with the duration T=50 fs. With the peak intensity 
III. RESULTS AND DISCUSSION
The calculated bond lengths and the HOMO-LUMO gap in C 60 are 1. Fig. 2(a) ]. For λ near the absorption peak 640 nm, more energy is gained and the fragmentation takes place when I 0 ≥8×10 13 W/cm 2 [ Fig. 2(b) ], mainly producing C 2 dimers along with a few C atoms or small C n clusters. For longer wavelength λ≥800 nm, which is far away from the absorption peak, the fragmentation can even happen in lower I 0 with fewer C n clusters [ Fig. 2(c) ]. At λ=800~1064 nm, the fragmentation threshold for I 0 decreases from 4×10 13 W/cm 2 to 2×10 13 W/cm 2 . In intense infrared radiation, the energy of C 60 gained at the resonant λ=400 or 640 nm is not remarkable due to the rapid change of electronic levels in the inflation progress. At long wavelength, the C 60 is strongly pulled by the laser-induced dipole force [40] along the electric field of linearly polarized laser and obtains more energy than that at the resonant λ. For laser pulses with lower intensity in which the C 60 keeps intact, the molecular vibration along the dipole force has been found in the quantum wavepacket simulations [5] . For higher laser intensity the C 60 breaks under the effect of the dipole force. Under the same laser intensity I 0 , more and more C atoms rather than C 2 dimers are produced with increasing λ, and C n cluster can be hardly generated at long λ. For example, for I 0 =8×10 13 W/cm 2 the production of C 2 dimers is much higher than C atoms or C n clusters at λ=640 nm (the upper panel of Fig. 2(d) ), while at λ=1064 nm the ratio of C and C 2 becomes 1:1.3 (the middle panel of Fig. 2(d) ). At λ=1500 nm, the fragmentation produces much more C atoms than C 2 dimers without any C n clusters (the lower panel of Fig. 2(d) ). In the electric field direction of laser, the concentration of fragments is slightly higher than other directions due to the strong laser-induced dipole force. In general, the motion of C 60 in intense laser field has an obvious relation with the wavelength. The open-cage distortion takes place in the case of short wavelength, and the fragmentation into C 2 dimers or C atoms takes place in long wavelength. The above result is slightly different with the simulation which deals the effect of laser as a sudden heating and obtains a continuous distribution of C n fragments [26, 27] . Such difference was also mentioned in Ref. [39] . Actually, the TBED simulation gives a more real physical picture than the simulation method of injecting energy into the C 60 molecule. In order to try to find a more efficient way, C 60 fragmentation by two laser pulses was preliminarily investigated. The basic idea is to pump electrons to excited states via a resonant λ 1 =640 nm and then break the C 60 by the laser-induced dipole force via λ 2 ≥800 nm, like the multi-step photoionization for atoms. The simulation system was setup by simultaneously irradiating the two laser pulses λ 1 and λ 2 with T=50 fs and zero phase difference on the C 60 . In the range of λ 2 =800~1500 nm, simulations were performed several times for every wavelength, however, no any enhancement was found. For example, by the irradiation of the first laser pulse λ 1 =640 nm, I 0,1 =1.5×10 13 W/cm 2 and the second one λ 2 =1064 nm, I 0,2 =1.5×10 13 W/cm 2 , the C 60 breaks into large C n fragments with a few C 2 dimers [ Fig. 3(a) ], while more C 2 and small fragments are produced by one laser pulse with λ=1064 nm, I 0 = I 0,1 + I 0,2 =3×10 13 W/cm 2 , whose intensity is the sum of the above two pulses. This may be because the C 60 is away from the resonance with λ 1 in the inflation progress due to the strong 8 excitation of the breathing motion, and so, λ 1 does not work for the pumping. Further study could focus on the phase difference, pulse duration and time order of the two lasers. 
IV. SUMMARY
In this work, TBED simulations were performed to study the fragmentation of C 60 in intense laser. The breathing mode was found much more strongly excited than the pentagonal-pinch mode in intense radiation field. Below the laser intensity for fragmentation, strong energy absorption at the wavelengths coupled with HOMO-1→LUMO, HOMO→LUMO+1 and HOMO→LUMO+2 transitions. For intense laser pulses, the fragmentation effect is more remarkable at long wavelength λ≥800 nm rather than the resonant wavelengths. For long wavelength, the internal laser-induced dipole force plays an important role in producing C and C 2 fragments, and the production ratio of C and C 2 rapidly grows with increasing laser wavelength.
Such fragmentation law could be used to obtain C atoms, C 2 dimers or large C n fragments by changing the laser wavelength. By simultaneously irradiating the two laser with a same pulse duration and zero phase difference, the enhancement of fragmentation efficiency by the multi-step excitation was not found since the C 60 is away from the resonance with the laser pulse due to its strong motion in intense laser field.
